Current methods of fault diagnosis for the grounding grid using DC or AC are limited in accuracy and cannot be used to identify the locations of the faults. In this study, a new method of fault diagnosis for substation grounding grids is proposed using a square-wave. A frequency model of the grounding system is constructed by analyzing the frequency characteristics of the soil and the grounding conductors into which two different frequency square-wave sources are injected. By analyzing and comparing the corresponding information of the surface potentials of the output signals, the faults of the grounding grid can be diagnosed and located. Our method is verified by software simulation, scale model experiments and field experiments.
Introduction
Grounding is the most important approach to guaranteeing the safety of a power system. But it is hard to monitor the state of a grounding grid, as it is usually buried under earth. Grid faults are also very likely to take place due to the corrosion of the earth electrodes. Some studies put forward the port nodal resistance (or voltage) method [1, 2] and the simple surface potentials method to diagnose a grid fault [3, 4] based on a time-domain characteristic analysis. The accuracy of such approaches is unsatisfactory because the change in port nodal resistance or voltage is too small. Grcev and Dawalibi [5] built a model of the simple frequency characteristic of the grounding grid. Others have studied the frequency model of the grounding grid according to the complex image method [6] [7] [8] . Based on the frequency model, some diagnosed the broken location of a grounding grid by measuring the magnetic field on the ground [9, 10] . This approach has demonstrated improvement in accuracy in fault diagnosis; but during the process of measurement, due to the inevitable interference from the metal equipment and electromagnetic field, it is difficult to locate the fault of the grounding grid.
The diagnostic method based on the frequency domain has been used extensively in various fields, e.g. the transient electromagnetic method to detect the fault of a buried metal pipe [11] , the electrochemical impedance spectrum method to monitor the corrosion of reinforced concrete [12] , the earth electromagnetic method of geophysics to search for metal ore [13] , the square-wave method of double frequencies to detect metal [14] , etc.
In this paper, a fault diagnosis method for the grounding system is proposed based on the frequency domain. Through analyzing the different frequency characteristics of metal and soil, the diagnostic method of square-wave frequency domain is presented. This method is verified by conducting software simulation, scale model experiments and field experiments. The results demonstrate that this method can be used to successfully diagnose a fault of the grounding grid and identify the fault location.
Frequency domain characteristic of a grounding system

Frequency domain model of a grounding grid
The buried depth of a grounding grid is generally no more than 5 m; even in an area of high resistivity, the depth of vertical grounding conductors laid by the blast of a deep well is less than 80 m. According to the wave physics equation, the wave propagation speed is directly proportional to the wavelength and frequency:
where: v is the wave propagation speed (determined by the dielectric constant and permeability), m/s; f is the frequency (determined by power), Hz; λ is the wavelength, m.
When the frequency of the electromagnetic wave is less than 100 kHz, 2000 ≈ λ m ~3000 m. Therefore, the frequency domain model of grounding system can be built without considering the electromagnetic wave process.
The frequency model of the grounding grid is established based on an integrated approach that combines Green's function of electric field and Kirchhoff current law of the circuit theory. It is assumed that there are n branches and m nodes in the grounding grid. For the square model, current is injected into the grounding grid, as shown in Fig. 1 , where c is the end node of a conductor, d is the central node of a conductor. Current dissipates into the ground while flowing along the conductors. Suppose the leakage current of the conductor flows into the ground from the central node of the conductor and the axial impedance is twice as high as the terminal impedance. The current dissipation would result in a voltage variation on the surface of all the conductors. In accordance with the Kirchhoff current law, the voltage equation for terminal nodes and central nodes would be:
where
R is an n n × matrix, i.e. the own impedance and the mutual impedance to ground; B is a diagonal nonzero matrix, i.e. the own admittance of the central node of the conductor; C is a symmetric matrix, i.e. the mutual admittance between the central node and the terminal node for which the corresponding matrix element is zero if the nodes are connected; E is an m m × matrix, i.e. the own impedance of the terminal nodes of the conductor;
φ is the potential of node i ;
I is the leakage current of the conductor i . According to Green's function of the point current source, the relationship between the leakage current and the central potential can be expressed as follows:
Therefore, all the leakage currents of the central nodes can be obtained. Suppose the coordinates of an arbitrary location Q on the surface are (x, y, z), the surface potential of Q can be obtained by adding the potentials of all the leakage currents to Q.
Frequency characteristics of grounding conductors
When certain current flows in grounding conductors, the largest field lies in the surface of conductors and the internal field decreases gradually, known as Skin Effect, which is closely related to the Penetration Depth. It can be found through calculation that the Penetration Depth of the grounding conductors is much smaller than the penetration depth of soil under the effects of the steady electric field. So it is necessary to consider the Skin Effect of the grounding conductors as it will influence the distribution of leakage current. The own impedance of the conductor can be calculated as follows:
where: µ is the permeability of soil, a and ρ are the radius and the resistivity respectively, f is the frequency. In the grounding grid, the axial current is observed flowing along grounding conductors and producing the mutual inductance between grounding conductors [15] . In order to simplify the calculation, grounding conductors are divided into micro sections of equal length. Assuming that each micro section is a linear current source, the formula for mutual inductive resistances is as follows:
where: l is length of the conductor, d is the distance between a couple of conductors, f is the frequency, ρ is the soil resistivity.
Frequency characteristics of soil
When varying frequencies are used to excite polarization in geophysics, it is found that the soil resistivity is changing in response to frequency change of the injection current. This may be explained by the excited polarization effect, which refers to the phenomenon that the additional electric field changes slowly due to electrochemical effects during the charge and discharge processes. According to the theory of equivalent circuit and polarization, the frequency dispersion model of soil resistivity is established [16] :
where: 0 ρ is the resistivity for DC; η is the polarizable ratio, i.e.,
U is the primary voltage, 2 U is the secondary voltage; f is the frequency ;τ is the time constant.
Even when the frequency of the injection current is very low, the soil resistivity decreases with the increase of the injection current frequency. Environment conditions are set as follows: temperature 26ºC, humidity 70%. A LCR4310 digital bridge produced by Wayne Kerr is used to test the frequency characteristic of clay soil(the material commonly found on the sites of substations), sand and water. It is found that the resistivity of soil and water gradually decreases with increasing frequency, as shown in Table 1 . 
Fault diagnostic method of square-wave
When there is no fault, the topological structure of grounding grids remains unchanged after the substation is built. According to the uniqueness of the electric field, when the current flows along the grounding grid, the potential distribution is fixed above and under the substation. The metal conductors are easy to be corroded under certain circumstances. As a result of corrosion, part of the metal conductor becomes the oxides, whose frequency characteristics are similar to that of the soil. It has been found in the frequency model of the grounding system that the frequency characteristics of grounding conductors are different from those of soil medium around the grounding grid. When the metal conductors either completely or partly become oxides, which result in a fault of grounding grid, the topological structure of the grounding grid is altered. The leakage current changes and the surface potential of the grounding grid also changes. Therefore, by establishing the relation between the change of surface potential and the fault, the fault of the grounding grid can be diagnosed and located through the frequency-domain method.
In our method, a square-wave power supply is used instead of sinusoidal power supply for a number of reasons. For one thing, since the rise and decline of a square-wave are step signals, the Zero Crossing Point of a square-wave is extremely short, which is convenient for polarization. Moreover, the square-wave is a non-sinusoidal periodic component, which has many advantages such as the rapid rise time, the bipolar transform, etc. Through Fourier transform, the square-wave may be broken down into a series of sinusoidal signals of different frequencies, and excite responses at different resonant frequencies.
The grounding grid can be regarded as a black box system, which means the extent and location of corrosion are unknown. Through the injection of power sources of different frequencies, the surface potential of the grounding grid is acquired. And by analyzing and comparing the frequency characteristics of the surface potentials, the faults of the grounding grid can be detected and located.
Verification of the method
Simulation analysis
The diagnostic method of square-wave is verified by simulating and analyzing a complex 168 m×188 m 220 kV substation grounding grid using Matlab. The soil structure is assumed to be uniform and of one layer. And the soil resistivity is set according to sand resistivity in Table 1 According to the frequency domain model of the grounding system, the surface potential caused by a square-wave of arbitrary frequency, which is injected into the grounding grid, can be calculated through Fourier inversion. Four fault cases are simulated and analyzed. As shown in Fig. 3 , for example, the injection current is 3A, and the fault is placed between observation points 10 and 11, the surface potential differences are calculated. The surface potential of the observation point 10 ascends first and then descends along with the increase of frequency whereas that of the observation point 11 descends first and then ascends. Since the curves of observation points 10 and 11 deviate significantly from the other observation points, it may be inferred that the fault is located between observation points 10 and 11.
Scale model experiment
The scale model experiments are conducted in a water tank based on the similarity theory. The geometric dimensions of the grounding grid, the buried depth, the current injecting grounding grid and the soil resistivity have been reduced. The dimension of the tank in the experiment is 1.9 m×1.9 m×0.5 m, and the tank is filled with tap water as the medium. The distance between the model centre of the horizontal grounding grid and the wall of the tank is no less than five times the diagonal length of the model, which means the influence of diffused current on the wall is negligible. In order to simulate the Zero Potential of the actual surface of the grounding grid, the four sides and the bottom of the tank are covered with a layer of iron sheet connected to the ground, and the grounding grid has been laid in the centre of the tank. Medical needles with a diameter of 0.25 mm have been used as the measuring probes of surface potential. The immersed parts of probes in water have been enwrapped by heat shrinkable tube in order to avoid distortion of the electric field. Frequency adjustable (between 30 Hz~10 kHz) sinusoidal current and square-wave current have been designed.
Multiple fault experiments are conducted on different grounding grids. For example, a 20 cm × 20 cm grounding grid has been placed 5 cm underneath the water. The depth of the potential probe is 1 cm. 7 observation lines for surface potential are selected and 7 observation points from 1~7 are selected on each observation line. A fault has been placed on the edge of the grounding grid. The observation points on the grounding grid and the measurement results are shown in Fig. 4 . a）observation points for surface potential b）surface potential differences at different observation points Fig. 4 . Observation points and surface potential difference (3 kHz). Fig. 4 shows that the largest differences of surface potential are observed between observation points 2 and 4 on the observation line 7, which is the location of the fault. The experimental results show that the fault can be detected and the location of the fault can be identified.
Field experiments
Subsequently, field experiments have been conducted in which square-wave diagnosis apparatus of the grid fault has been used. The grounding grid of a 16 m×20 m high-voltage experimental hall is taken as the main grid of the experiment, and an assistant grid consisting of five 5 mm×50 mm×5 m steel flats is buried at a depth of 0.5 m. A steel rod with the diameter of 2 cm and the length of 1m are welded to the middle of the steel flat as the vertical grounding down-lead. 10 observation points have been selected as shown in Fig. 5 . Metal disks with the diameter of 20 cm and the weight of 1.5 kg are used as the potential measuring electrodes, wrapped by wet sponge in order to make contact with the ground. Special iron rods with length of 530 mm are used as the electrodes for current injection. Because the area of the grounding grid is usually large, the power of the current sources injected into the grounding grid would be much larger. Since it is difficult to manufacture such a large current source of varying frequencies, two current sources are injected into the grounding grid. If the frequency is too low, it would be interfered by the ground current largely; on the contrary, if the frequency is too high, it would be interfered by the electromagnetic coupling between the power supply and the measurement circuit. Therefore, 50 Hz AC and 3 kHz square-wave are selected. They are injected into the grounding grid according to the three schemes respectively. In order to avoid on-site interference of the power frequency of 50Hz AC, the mean value of surface potentials produced by a 55 Hz AC current and a 45 Hz AC current has been used as the surface potential of a 50 Hz AC current. The backflow point of current is selected 100 meters far from the lab. The surface potentials observed are shown in Fig. 6 . In Fig. 6 , the surface potential differences of points 5 and 6 above conductor 3 in Scheme II are evidently smaller than the differences above other conductors, because conductor 3 is not connected to the main grounding grid in Scheme II. It is similar in Scheme III that the differences of points from 5 to 8 above conductors 3 and 4 in Scheme III are obviously smaller than the surface potential difference above other conductors, because conductors 3 and 4 are not connected to the main grounding grid in Scheme III. The results suggest that the grid fault can be correctly diagnosed using a square-wave of different frequencies. It is also reasonable to suggest that our method can be applied to diagnose and locate faults in real substations. Although the grounding grid of the real substations is more complicated, its environmental condition and the geological condition are similar. When the local corrosion causes a fault, the length of corrupted grounding conductors is usually of a few meters. Therefore, if the injection current is fixed, the surface potential in fault location is reduced. Therefore, by monitoring the changes of surface potential, faults in the grounding grid can be diagnosed and located. Potential-measuring electrodes are usually arranged with definite interval order (for example, 10 m) inside the substation, according to the buried direction of horizontal grounding conductors. After measuring and recording the surface potential of each point, the data mining algorithm may be applied to find the special points which indicate whether the substation grounding grid is corroded or not, and the corrosive position if it had been corroded.
Conclusions
In this study, a frequency model of the grounding system is presented by analyzing the frequency characteristics of the soil and the grounding conductors. A fault diagnostic method of the grounding grid using a square-wave is proposed based on the frequency model of the grounding system. The faults of the grounding grid are detected and located by analyzing and comparing the surface potentials of different frequency. Software simulation of the substation grounding grid, scale model experiments of small dimension and field experiments of complicated structure are conducted to verify the method. The results suggest that the method can be used to diagnose faults effectively and locate them accurately without excavating the grounding grids.
